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LASER PLASMA X-RAY GENERATION 
APPARATUS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This is a Continuation-In-Part of Ser. No. 09/668,840, 
?led on Sep. 22, 2000, noW abandoned. 

BACKGROUND OF THE INVENTION 

The present invention relates to a laser plasma X-ray 
generation apparatus used for an X-ray reduction projection 
lithography apparatus, an apparatus for highly sensitively 
analyZing the chemical state, the chemical composition, and 
the concentration of an impurity, especially a light element, 
of various types of materials such as semiconductor 
materials, and the like. 

Alaser X-ray generation apparatus used in the application 
purpose described above generally is constituted to irradiate 
a target With X-rays from a laser plasma X-ray source, Which 
is arranged at a remote position, through a re?ecting mirror. 

In this case, to improve the resolution, an X-ray source 
With a short Wavelength is used. When, hoWever, the Wave 
length is equal to or shorter than several hundred A, the 
re?ectance of the re?ecting mirror is extremely loWered and 
practically becomes Zero. 

For eXample, as illustrated in FIG. 1, tWo kinds of 
substance layers 2 and 3 are reciprocally and regularly 
layered With constant thickness on a substrate 1 made of a 
material such as quartZ or silicon, a direct incidence re?ect 
ing mirror (multilayer re?ecting mirror) With high re?ec 
tance utiliZing Bragg diffraction can be actualiZed. 

Especially, since as high as siXty and some % of direct 
incidence re?ectance of a soft X-ray With approximately 130 
A Wavelength can be obtained using a Mo/Si multilayer ?lm 
produced by regularly and reciprocally layering at least 
several ten Mo layers and Si layers With independently 
several nm thickness, such a multilayer ?lm has Widely been 
used for X-ray reduction exposure and for a re?ecting mirror 
of an X-ray microscope, an astronomical telescope and the 
likes. 

In this case, synchrotron (SR) radiation light, a laser 
plasma X-ray (LPX), and a gas pinch plasma (GPP) are 
employed as an X-ray source and among them, the synchro 
tron radiation light requires a large-scale and costly appa 
ratus using an accelerator and the gas pinch plasma is a light 
source With luminance loW by some ?gures, 50 that the laser 
plasma X-ray, Which is a relatively compact and has lumi 
nance as high as 1012 W/CII12, is eXpected to be a practically 
usable light source. 

Nevertheless, as illustrated in FIG. 2, a target material and 
a ?ne particle are evaporated by using the laser X-ray source 
eXcited by pulsed laser light, so that if the evaporated 
material and particle adhere to an X-ray optical system, of 
Which the X-ray re?ecting mirror is representative, the 
function of the system is deteriorated. 

In order to inhibit such deterioration, a mechanically 
synchroniZed shutter or a buffer gas is inserted betWeen the 
laser X-ray source and the re?ecting mirror or the re?ecting 
mirror is positioned at a remote position for converging 
generated X-rays and using the converged X-rays. 

HoWever, in any case, since a re?ecting mirror has to be 
positioned at a position far from a laser plasma X-ray source, 
Which is a point source, the re?ecting mirror has a disad 
vantageous point of a loW use coef?cient of X-rays and its 
practical application has been hindered. 
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2 
Note that, in FIG. 2, 21 shoWs an incidence laser, 22 

shoWs a target, 23 shoWs the re?ected rays Which are created 
When the incidence laser 21 is re?ected by the target 22, 24 
shoWs a carbon thin ?lm-like ?lter, 25 shoWs a re?ecting 
mirror, 25a shoWs a re?ecting surface, and 26 shoWs debris. 

FIGS. 3A and 3B independently illustrate a constitution 
eXample of a conventional laser plasma X-ray generation 
apparatus, and represent a paraboloid of revolution and an 
ellipsoid of revolution used as light concentration re?ecting 
mirrors, respectively. Since a re?ecting mirror With a surface 
of revolution is used in these constitutions, a condensing 
solid angle used for condensing X-rays from a laser plasma 
X-ray source serving as a point source is larger than that in 
FIG. 2. HoWever, laser light is incident on the re?ecting 
mirror along the rotation aXis of the re?ecting mirror, so that, 
as Will be described later, relatively intense X-rays irradiated 
in a direction of a normal (vertical direction) to a target 
material run outside through an aperture Which is made on 
the rotation aXis for laser incidence. Alternately, even if the 
X-rays are re?ected by the rotating re?ecting mirror, a target 
material 32 With a ?nite siZe reabsorbs the X-rays. Therefore, 
this poses a problem of loW light concentration efficiency. 
On the other hand, it has been required to use a soft X-ray 

With Wavelength shorter than approximately 130 A in order 
to further improve the resolution in those application cases. 
Nevertheless, in the case a Mo/Si multilayer ?lm is used at 
Wavelength 124 A (L absorption edge of Si) or shorter, the 
direct incidence re?ectance is considerably loWered on the 
order of several to about ten % to make it impossible to 
practically use the multilayer ?lm at the Wavelength. 
A re?ecting surface using M0 in combination With B4C 

has been proposed in order to increase the re?ectance of the 
re?ecting surface 25a, and even such a surface can provide 
re?ectance 30% at the highest and has been unsuitable for 
practical use. 

Recently, the multilayer structure type re?ecting surface 
25a comprising reciprocally layered Mo and Be layers has 
been proposed and it is found that higher than 60% of direct 
incidence re?ectance of Wavelength just at absorption edge 
of Be (just at 111 can be obtained by the multilayer ?lm 
type X-ray re?ecting mirror and resolution improvement is 
eXpected to be achieved by obtaining high re?ectance even 
of a soft X-ray With a short Wavelength in the foregoing 
application. 
Also recently, a cryotarget is invented (Patent No. 

2614457) using a chemically inert rare gas element in a 
liquid or solid state at a loW temperature or in a loW 
temperature gas state at vapor density near that in liquid state 
as a target material irradiated With laser light, thereby 
eliminating adhesion of the target particle to an X-ray optical 
system such as a re?ecting mirror or others. It can be said 
that practical application of laser plasma X-ray source (LPX) 
is just started. 

Normally, since a plurality of multilayer re?ecting mirrors 
are employed in an X-ray image-forming optical system as 
illustrated in FIG. 1, the X-ray concentration and transmit 
tance is generally considerably loWered. For that, each 
re?ecting mirror is required to have a re?ectance higher 
even by a little. 

In the case of Mo/Be combination, When a ?lm is actually 
formed, the interfaces or respective layers become rather 
rough since Mo and Be are aggregated and oWing to the 
effect of the roughness, there occurs a problem that the 
actual re?ectance is loWer than the theoretical re?ectance of 
the multilayer ?lm With an ideal structure by about 20%. 

Further, in the case of Mo/Be combination, since the 
melting point of Be is as loW as about 1270° C., the 



US 6,625,251 B2 
3 

re?ectance is sharply decreased by use of soft x-rays With 
high luminance and by increase of the ambient temperature 
to be high just like the case of the Mo/Si multilayer ?lm type 
x-ray re?ecting mirror and there also occurs a problem of 
insuf?cient heat resistance for stable use. Moreover, since 
the re?ectance is extremely loWered at 111 A or shorter 
Wavelength in the case of a multilayer ?lm x-ray re?ecting 
mirror using Mo and Be in combination, there occurs 
another problem that the re?ecting mirror can not be usable 
at the Wavelength or shorter. 

On the other hand, it Was found by MochiZuki, one of 
inventors of the present invention, that a Xe (xenon) cryo 
target laser plasma x-ray source, Which is a typical 
cryotarget, has the most intense emission spectrum near 108 
A Wavelength (A. Shimoura, S. Amano, S. Miyamoto, and 
T. MochiZuki, “X-ray generation in cryogenic targets irra 
diated by 1 pm pulse laser”, Applied Physics Letters 72, PP. 
164—166 (1998)). So far, there exits no re?ecting mirror 
capable of providing suf?ciently high re?ectance (50% or 
higher) at the Wavelength. Furthermore, though a re?ecting 
mirror having a long life With stable and high re?ectance 
even if being exposed to scattered laser light from intense 
x-rays and plasma has been required in order to effectively 
utiliZe the utmost advantage of using cryotarget, that is, the 
advantageous characteristic that a re?ecting mirror can be 
positioned in the periphery of a radiation source since 
adhesion of the target particle can be avoided and that a light 
concentration optical system having a three-dimensional and 
Wide light concentrating angle can be constituted, any con 
ventional re?ecting mirror can not satisfy such require 
ments. 

SUMMARY OF THE INVENTION 

A main purpose of the present invention is, therefore, to 
provide a practical laser plasma x-ray generation apparatus 
With high luminance Which uses a light concentration optical 
system having high light concentration ef?ciency. 

Another purpose of the present invention is, in addition to 
the foregoing purpose, to provide a laser plasma x-ray 
generation apparatus Which can increase heat resistance 
further than that in any conventional laser plasma x-ray 
generation apparatus. 

Further, another purpose of the present invention is to 
provide a laser plasma x-ray generation apparatus using a 
re?ecting surface capable of suppressing re?ectance alter 
ation during the use. 

Moreover, another purpose of the present invention is to 
provide a laser plasma x-ray generation apparatus With a 
longer life than that of any conventional laser plasma x-ray 
generation apparatus. 

In order to achieve the foregoing purposes, the basic 
concepts of the present invention are characteriZed in that 

(1) Ru or Rh is used as a material for one type of layers 
and Be is used for the other type of layers, and 

(2) a material containing a light element such as B, C, O, 
N and the likes added to a compound of metals or a single 
metal as a material for one type of layers. 

The means Was derived from that the re?ectance Was 
improved by 4% When a multilayer ?lm Was produced by 
using Rh instead of M0 in a Mo/Be multilayer ?lm in order 
to improve the re?ectance and then the re?ectance of the 
?lm Was measured at 115 That implied the possibility of 
existence of a material With a more suitable optical constant 
than that of Mo. It is, therefore, possible to heighten the 
x-ray re?ectance by using Ru, Which is a material With an 
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4 
optical constant more suitable than that of M0 at about the 
Wavelength and further by using a Mo alloy With Ru or Rh 
and a Ru and Rh alloy instead of Mo. 

In addition to that, though the re?ectance greatly depends 
on the optical constant, the actual re?ectance tends to be 
decreased as compared With a theoretical value in the case 
the roughness of the boundary faces of a multilayer ?lm 
becomes high. On the other hand, an alloy containing an 
element such as B, C, O, and N is generally easy to be an 
amorphous layer When the alloy is formed into an extremely 
thin layer With a thickness several nm to several tens nm, and 
being amorphous, the layer of the alloy has smoother 
boundary faces than a monolayer of an alloy and a metal. 
Consequently, in the case such an alloy containing those 
elements instead of M0, the effect for heightening the 
re?ectance can be taken. For that, in the case a multilayer 
?lm comprising such a material used for one type of layers 
and Be for the other type of layers is employed (1) for 
application to various analysis utiliZing x-rays and soft 
x-rays, the sensitivity and the precision can be improved 
oWing to the improvement of the re?ectance of the multi 
layer ?lm as compared With that of a multilayer ?lm using 
Mo layers for layers other than Be layers and in the case of 
employing the multilayer ?lm (2) for application to x-ray 
lithography, the throughput can be improved as compared 
With a multilayer ?lm using M0 for layers other than Be 
layers oWing to the same reason as that for the case of 

Moreover, in general, a material containing other ele 
ments such as B, C, O, and N added to or compounded With 
metals including Be frequently has a higher melting point 
than a single metal and interlayer diffusion can thus be 
suppressed. Therefore, if such materials are used for con 
stituent materials for the multilayer ?lm, the heat resistance 
is improved and in the case the multilayer ?lm produced 
using such materials is employed (1) for application to 
various analyses utiliZing x-rays and soft x-rays, the heat 
resistance can be improved as compared With that of a 
conventional multilayer ?lm type re?ecting mirror, so that 
the re?ectance alteration during the use is suppressed as 
compared With a conventional re?ecting mirror and the 
precision and accuracy can be improved and in the case of 
using the multilayer ?lm (2) for application to x-ray 
lithography, the proper exposure duration can precisely be 
determined oWing to the same reason as that for the case of 
(1) and further (3) the life of the multilayer ?lm itself can be 
prolonged. 

Since a suf?ciently high re?ectance (50%) of even near 
108A Wavelength can be obtained by a re?ecting mirror of 
the present invention, the present invention can actualiZe a 
light concentrating optical system With high efficiency and a 
long life especially for a laser plasma x-ray source using a 
cryotarget. Especially, the present invention can heighten the 
throughput of a reduction projection lithography to a prac 
tically usable level. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates the structure of a multilayer ?lm type 
x-ray re?ecting mirror used for a laser plasma x-ray gen 
eration apparatus; 

FIG. 2 is the constitution of a conventional laser plasma 
x-ray generation apparatus; 

FIGS. 3A and 3B independently illustrate a constitution 
example of the conventional laser plasma x-ray generation 
apparatus, in Which FIG. 3A is a side sectional vieW of a 
paraboloid of revolution, and FIG. 3B is a side sectional 
vieW of an ellipsoid of revolution; and 
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FIGS. 3C, SD, SE, and 3F independently illustrate a basic 
constitution of an ellipsoid of revolution using a multilayer 
?lm type x-ray re?ecting mirror characterized by the present 
invention, in Which FIG. 3C is a side sectional vieW, FIG. 3D 
is a cross-sectional vieW, FIG. 3E is a vieW illustrating, 
While illustrating the Whole shape of the ellipsoid of 
revolution, a relationship betWeen the ellipsoid of revolution 
and an incidence laser Which is incident on the re?ecting 
mirror, and FIG. 3F illustrates a modi?cation of the present 
invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Hereafter, an embodiment of the present invention Will be 
described With reference to examples. 

In the folloWing description, terms “ellipsoidal surface”, 
“ellipsoid of revolution”, “paraboloid”, and “paraboloid of 
revolution” are used. A paraboloid is obtained by making 
one of tWo focal points of an ellipsoid in?nity. Note that, in 
the description from the another vieW point, a quadratic 
surface of revolution having a form obtained by rotating, 
using an x-axis (optical axis) as a center, a quadratic curve 
represented by a quadratic equation for orthogonal coordi 
nates (X, y) 

(Where each of a, b, c, f, g, and h is constant) is de?ned as 
an “ellipsoidal surface”, “ellipsoid of revolution”, 
“paraboloid”, or “paraboloid of revolution”. An ellipse is 
represented by h2—ab<0, and a parabola is represented by 
h2—ab=0. 

EXAMPLE 1 

Using a RF magnetron sputtering apparatus provided With 
a plurality of raW material targets, multilayer ?lms each 
comprising repeatedly layered Mo layers (correspond to 2 of 
FIG. 1) and Be layers (correspond to 3 of FIG. 1) Were 
produced on a substrate (corresponds to 1 of FIG. 1) by 
evacuating a ?lm formation chamber to 10-8 torr level, 
introducing Ar gas into the resultant ?lm formation chamber 
to keep the inside of the ?lm formation chamber in Ar 
atmosphere of 3x10“8 torr pressure, and then generating 
electric discharge. The number of the pairs of the Mo layers 
and Be layers Was controlled to be 40 and the cycle length 
Was controlled to be 6 nm. The ratio of the thickness dMo 
of Mo to the sum thickness (the cycle length D) of a single 
Mo layer and a single Be layer Was changed in a range of 10 
to 90%. The correlation of the re?ectance of the multilayer 
?lms With the Wavelength Was measured using a re?ectance 
meter employing photon radiation and the results of the 
measurement Were shoWed in the table 1. 

In the case the thickness of a Mo layer Was 50% to the 
cycle length, the re?ectance reached the maximum, Which 
Was 62%. The re?ectance Was as high as 40% or higher in 
the case the thickness Was in a range 20 to 70% to the cycle 

10 

15 

20 

25 

30 

35 

40 

45 

50 

6 
%) of N and Be—N layers (correspond to 3 of FIG. 1) 
containing 5 at. % of N Were produced on a substrate 
(corresponds to 1 of FIG. 1) in the same manner as that for 
the example 1. It should be noted that the at. % is the 
percentage of an element included in an object based on the 
number of atoms. For example, in H2O (Water), since the 
molecule has tWo hydrogen atoms and one oxygen atom, the 
percentage of the oxygen atoms is calculated by 1/(1+2) 
*100=33. Thus, Water contains 33 at. % oxygen atoms. The 
multilayer ?lms Were produced While the number of the 
pairs of the Mo—N layers and Be—N layers being con 
trolled to be 40 and 80 and the cycle length being controlled 
to be 6 nm and 5.6 nm, respectively. The ratio of the 
thickness dMo—N of Mo to the sum thickness D of one 
Mo—N layer and one Be—N layer Was changed Within a 
range of 10 to 90%. 
The correlation of the re?ectance of the multilayer ?lms 

With the Wavelength Was measured using a re?ectance meter 
in the same manner as that for the example 1 and the 
multilayer ?lm With cycle length 6 nm shoWed 69% re?ec 
tance of soft x-rays With 114 A Wavelength in the case the 
thickness of a Mo—N layer Was 50% to the cycle length and 
as same as that of the example 1, the re?ectance Was as high 
as 45% or higher in the case the thickness of a Mo—N layer 
Was in a range 20 to 70% to the cycle length. Further, the 
multilayer ?lm With cycle length 6 nm shoWed 55% re?ec 
tance of soft x-rays With 108 A Wavelength in the case the 
thickness of a Mo—N layer Was 55 % to the cycle length and 
as same as that of the example 1, the re?ectance of the ray 
With 110 A or shorter Wavelength Was as high as 45% or 
higher, Which had not been achieved before, in the case the 
thickness of a Mo—N layer Was in a range from 45 to 70% 
to the cycle length. 

EXAMPLE 3 

In the same manner as that for the example 1, using Rh for 
one type of layers (correspond to 2 of FIG. 1) and Be for the 
other type of layers (correspond to 3 of FIG. 1), multilayer 
?lms comprising repeatedly formed layers of these elements 
Were produced on a substrate (corresponds to 1 of FIG. 1) by 
sputtering method. The number of the pairs of the Rh layers 
and Be layers Was controlled to be 40 and the cycle length 
Was controlled to be 6 nm. The ratio of the thickness dRh of 
Rh to the sum thickness (the cycle length D) of a single Rh 
layer and a single Be layer Was changed Within a range of 10 
to 70%. The correlation of the re?ectance of the multilayer 
?lms With the Wavelength Was measured using a re?ectance 
meter employing photon radiation and the results of the 
measurement Were shoWed in the table 2. 

In the case the thickness of a Rh layer Was 30% to the 
cycle length, the re?ectance reached the maximum, Which 
Was 65%. The re?ectance Was relatively high, not loWer than 
30%, in the case the thickness of a Rh layer Was Within a 
range 20 to 70% to the cycle length and Was considerably 
high, not loWer than 55%, in the case the thickness of a Rh 

length. 55 layer Was Within a range 20 to 40%. 

TABLE 1 TABLE 2 

dMo/D (‘70) 10 20 30 40 50 60 70 80 90 dMo/D (‘70) 10 20 30 40 50 60 70 
The maximum 14 42 52 58 62 55 48 39 15 60 The maximum 25 55 65 58 50 43 31 
re?ectance re?ectance 

(measurement conditions: direct incident angle (the inclination angle from (measurement conditions: direct incident angle (the inclination angle from 
the normal of a multilayer ?lm) 3°, peak Wavelength near 114 A). the normal of a multilayer ?lm) 3°, peak Wavelength near 114 A). 

EXAMPLE 2 65 EXAMPLE 4 

Multilayer ?lms comprising repeatedly layered Mo—N 
layers (correspond to 2 of FIG. 1) containing 5 atomic % (at. 

In the same manner as that for the example 1, using Ru for 
one type of layers (correspond to 2 of FIG. 1) and Be for the 



US 6,625,251 B2 
7 

other type of layers (correspond to 3 of FIG. 1), multilayer 
?lms comprising repeatedly formed layers of these elements 
Were produced on a substrate (corresponds to 1 of FIG. 1) by 
sputtering method. The number of the pairs of the Rh layers 
and Be layers Was controlled to be 40 and the cycle length 
Was controlled to be 6 nm. The ratio of the thickness dRu of 
Ru to the sum thickness (the cycle length D) of a single Ru 
layer and a single Be layer Was changed Within a range of 10 
to 90%. The correlation of the re?ectance of the multilayer 
?lms With the Wavelength Was measured using a re?ectance 
meter employing photon radiation and the results of the 
measurement Were shoWed in the table 3. 

In the case the thickness of a Ru layer Was 50% to the 
cycle length, the re?ectance reached the maximum, Which 
Was 67%. The re?ectance Was as high as 50% or higher in 
the case the thickness of a Ru layer Was Within a range 30 
to 70% to the cycle length and Was considerably high, not 
loWer than 55%, in the case the thickness of a Ru layer Was 
Within a range 30 to 60%. 

TABLE 3 

dMo/D(%) 10 20 30 40 50 60 70 80 90 
The maximum 15 42 53 62 67 58 52 40 14 
re?ectance 

(measurement conditions: direct incident angle (the inclination angle from 
the normal of a multilayer ?lm) 3°, peak Wavelength near 114 A). 

EXAMPLE 5 

In the same manner as that for the example 1, using 
Mo—Rh alloys for one type of layers and Be for the other 
type of layers, multilayer ?lms comprising repeatedly 
formed layers of these substances Were produced on a 
substrate by sputtering method. The number of the pairs of 
the Mo—Rh layers and Be layers Was controlled to be 40 
and the cycle length Was controlled to be 6 nm. The 
multilayer ?lms Were produced While the ratio of the thick 
ness dMo—Rh of a Mo—Rh layer to the cycle length being 
changed Within a range of 10 to 90% and the composition 
ratio of Mo and Rh being changed Within a range of 10 to 
90%. 

The correlation of the re?ectance of the multilayer ?lms 
With the Wavelength Was measured in the same manner as 
that f or the example 1 and it Was found that the multilayer 
?lms having the composition ratio of Rh in the Mo—Rh 
alloys Within a range 30 to 70% and dMo—Rh/D Within a 
range of 30 to 70% shoWed a considerably high re?ectance, 
Which exceeds 60%, in the condition that the direct incident 
angle (the inclination angle from the normal of the multi 

layer ?lms) Was 30 and peak Wavelength Was near 114 Especially, in the case that the composition ratio Rh in the 

Mo—Rh alloys Was 50% and dMo—Rh/D Was 45%, the 
above de?ned re?ectance Was as high as 72%. 

EXAMPLE 6 

In the same manner as that for the example 1, using 
Mo—Ru alloys for one type of layers and Be for the other 
type of layers, multilayer ?lms comprising repeatedly 
formed layers of these substances Were produced by sput 
tering method. The number of the pairs of the Mo—Ru 
layers and Be layers Was controlled to be 40 and the cycle 
length Was controlled to be 6 nm. The multilayer ?lms Were 
produced While the ratio of the thickness dMo—Ru of a 
Mo—Ru layer to the cycle length being changed Within a 
range of 10 to 90% and the composition ratio of Mo and Ru 
being changed Within a range of 10 to 90%. 
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8 
The correlation of the re?ectance of those multilayer ?lms 

With the Wavelength Was measured in the same manner as 
that for the example 1 and it Was found that the multilayer 
?lms having the composition ratio of Ru in the Mo—Ru 
alloys Within a range 30 to 70% and dMo—Ru/D Within a 
range of 30 to 70% shoWed a considerably high re?ectance, 
Which exceeds 60%, in the condition that the direct incident 
angle (the inclination angle from the normal of the multi 
layer ?lms) Was 30 and peak Wavelength Was in a Wide range 
from near 112 A to near 117 Especially, in the case that 
the composition ratio Ru in the Mo—Ru alloys Was 50% and 
dMo—Ru/D Was 40%, the above de?ned re?ectance Was as 
high as 72%. 

EXAMPLE 7 

In the same manner as that for the example 1, using 
Ru—Rh alloys for one type of layers and Be for the other 
type of layers, multilayer ?lms comprising repeatedly 
formed layers of these substances Were produced by sput 
tering method. The number of the pairs of the Ru—Rh layers 
and Be layers Was controlled to be 40 and the cycle length 
Was controlled to be 6 nm. The multilayer ?lms Were 
produced While the ratio of the thickness of a Ru—Rh layer 
to the cycle length being changed Within a range of 10 to 
90% and the composition ratio of Ru and Rh being changed 
Within a range of 10 to 90%. 

The correlation of the re?ectance of those multilayer ?lms 
With the Wavelength Was measured in the same manner as 
that for the example 1 and it Was found that the multilayer 
?lms having the composition ratio of Rh in the Ru—Rh 
alloys Within a range 30 to 70% and dRu—Rh/D Within a 
range of 10 to 60% shoWed a considerably high re?ectance, 
Which exceeds 60%, in the condition that the direct incident 

angle Was 3° and peak Wavelength Was near 113 Especially, in the case that the composition ratio Ru in the 

Ru—Rh alloys Was 50% and dRu—Rh/D Was 25%, the 
above de?ned re?ectance Was as remarkable high as 78%. 

EXAMPLE 8 

In the same manner as that for the example 1, using M0 
for one type of layers and B—Be compounds for the other 
type of layers, multilayer ?lms comprising repeatedly 
formed layers of these substances Were produced. The 
number of the pairs of the Mo layers and B—Be compound 
layers Was controlled to be 60 and the cycle length Was 
controlled to be 6 nm. The composition ratio of B and Be in 
the B—Be compound layers Was changed Within a range of 
20 to 90% and the ratio of the thickness dMo of a Mo layer 
to the cycle length D Was changed Within a range of 10 to 
90%. The correlation of the re?ectance of thus produced 
multilayer ?lms With the Wavelength Was measured in the 
same manner as that for the example 1 and it Was found that 
the multilayer ?lms having dMo/D Within a range 30 to 70% 
shoWed a relatively high re?ectance, Which exceeds 50%, at 
the direct incident angle of 3° and peak Wavelength near 115 
A. Especially, in the case that B2Be and B6Be Were used as 
the Be compounds, the maximum re?ectance Was over 60%. 
Further, in the case those multilayer ?lms Were heated at 
400° C. for 1 hour in vacuum of 10'5 torr and then the 
re?ectance measurement Was carried out in the same manner 

as that before heating, the decrease of re?ectance Was 5 to 
18% to shoW excellent heat resistance. Especially, in the 
case of using B2Be and B6Be, the decrease of re?ectance 
Was as loW as 5 to 9% to shoW excellent heat resistance. 

Reference 1 
After the same heating treatment as that for the example 

8 Was carried out for a Mo/Be multilayer ?lm produced by 
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the example 1, the same re?ectance measurement Was 
carried out as that before heating and the re?ectance Was 
found decreasing by 45% as compared With that before 
heating. 

EXAMPLE 9 

In the same manner as that for the example 1, using 
Mo—Rh alloys for one type of layers and B—Be com 
pounds for the other type of layers, multilayer ?lms com 
prising repeatedly formed layers of these substances Were 
produced. 

The number of the pairs of the Mo—Rh layers and B—Be 
compound layers Was controlled to be 60 and the cycle 
length Was controlled to be 6 nm. The composition ratio of 
Rh in the Mo—Rh alloys Was changed Within a range of 30 
to 70%, the composition ratio of B and Be in the B—Be 
compound layers Was changed Within a range of 20 to 90% 
and the ratio of the thickness Mo—Rh of a Mo—Rh layer to 
the cycle length D Was changed Within a range of 30 to 70%. 
The correlation of the re?ectance of thus produced multi 
layer ?lms With the Wavelength Was measured in the same 
manner as that for the example 1 and it Was found that the 
multilayer ?lms having the composition ratio of Rh in the 
Mo—Rh alloys Within 30 to 70%, the thickness dMo—Rh/D 
Within a range 40 to 60%, and the composition ratio of B in 
the B—Be compounds Within 30 to 90% shoWed a relatively 
high re?ectance, Which exceeds 50%, at the direct incident 
angle of 3° and peak Wavelength near 114 Further, in the 
case those multilayer ?lms Were heated at 400° C. for 1 hour 
in vacuum of 10-5 torr and then the re?ectance measurement 
Was carried out in the same manner as that before heating, 
the decrease of re?ectance Was 5 to 20% to shoW higher heat 
resistance than that of a Mo/Be multilayer ?lm. 

EXAMPLE 10 

In the same manner as that for the example 1, using 
Mo—Ru alloys for one type of layers and B—Be com 
pounds for the other type of layers, multilayer ?lms com 
prising repeatedly formed layers of these substances Were 
produced. 

The number of the pairs of the Mo—Ru layers and B—Be 
compound layers Was controlled to be 60 and the cycle 
length Was controlled to be 6 nm. The composition ratio of 
Ru in the Mo—Ru alloys Was changed Within a range of 30 
to 70%, the composition ratio of B and Be in the B—Be 
compound layers Was changed Within a range of 20 to 90% 
and the ratio of the thickness dMo—Ru of a Mo—Ru layer 
to the cycle length D Was changed Within a range of 30 to 
70%. The correlation of the re?ectance of thus produced 
multilayer ?lms With the Wavelength Was measured in the 
same manner as that for the example 1 and it Was found that 
the multilayer ?lms having the composition ratio of Ru in 
the Mo—Ru alloys Within 30 to 70%, dMo—Ru/D Within a 
range 40 to 60%, and the composition ratio of B in the 
B—Be compounds Within 30 to 90% shoWed a relatively 
high re?ectance, Which exceeds 50%, at the direct incident 
angle of 3° and peak Wavelength near 114 Further, in the 
case those multilayer ?lms Were heated at 400° C. for 1 hour 
in vacuum of 10'5 torr and then the re?ectance measurement 
Was carried out in the same manner as that before heating, 
the decrease of re?ectance Was 5 to 22% to shoW higher heat 
resistance than that of a Mo/Be multilayer ?lm. 

EXAMPLE 11 

In the same manner as that for the example 1, using 
Rh—Ru alloys for one type of layers and B—Be compounds 
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10 
for the other type of layers, multilayer ?lms comprising 
repeatedly formed layers of these substances Were produced. 
The number of the pairs of the Rh—Ru layers and B—Be 
compound layers Was controlled to be 60 and the cycle 
length Was controlled to be 6 nm. The composition ratio of 
Ru in the Rh—Ru alloys Was changed Within a range of 30 
to 70%, the composition ratio of B and Be in the B—Be 
compound layers Was changed Within a range of 20 to 90% 
and the ratio of the thickness dRh—Ru of a Rh—Ru layer 
to the cycle length D Was changed Within a range of 10 to 
60%. 
The correlation of the re?ectance of thus produced mul 

tilayer ?lms With the Wavelength Was measured in the same 
manner as that for the example 1 and it Was found that the 
multilayer ?lms having the composition ratio of Ru in the 
Rh—Ru alloys Within 30 to 70%, dRh—Ru/D Within a range 
20 to 40%, and the composition ratio of B in the B—Be 
compounds Within 30 to 90% shoWed a relatively high 
re?ectance, Which exceeds 60%, at the direct incident angle 
of 3° and peak Wavelength near 114 Further, in the case 
those multilayer ?lms Were heated at 400° C. for 1 hour in 
vacuum of 10-5 torr and then the re?ectance measurement 
Was carried out in the same manner as that before heating, 
the decrease of re?ectance Was 5 to 24% to shoW higher heat 
resistance than that of a Mo/Be multilayer ?lm. 

EXAMPLE 12 

Using Rh—Ru alloys containing C for one type of layers 
and Be for the other type of layers, multilayer ?lms com 
prising repeatedly formed layers of these substances Were 
produced by a sputtering method in the same manner as that 
for the example 1. The number of the pairs of the 
C-containing Ru—Rh layers and Be layers Was controlled to 
be 40 and the cycle length Was controlled to be 6 nm, and 
also the number of pairs to be 80 and the cycle length to be 
5.6 nm. The multilayer ?lms Were produced While the ratio 
of the thickness of a C-containing Ru—Rh layer to the cycle 
length D being controlled to be 25% and the composition of 
Ru and Rh to be 50%. 

The correlation of the re?ectance of thus produced mul 
tilayer ?lms With the Wavelength Was measured in the same 
manner as that for the example 1 and it Was found that the 
multilayer ?lms having the composition ratio of C in the 
C-containing Ru—Rh alloys Within 2 to 20% and the cycle 
length of 6 nm shoWed a high re?ectance, Which exceeds 
55%, at the direct incident angle of 3° and peak Wavelength 
near 113 A and those having the cycle length of 5.6 nm 
shoWed a re?ectance of 53% at 108 A Wavelength. Further, 
in the case those multilayer ?lms Were heated at 400° C. for 
1 hour in vacuum of 10-5 torr and then the re?ectance 
measurement Was carried out in the same manner as that 

before heating, the decrease of re?ectance Was 4 to 14% to 
shoW excellent heat resistance. 

EXAMPLE 13 

Using Rh—Ru alloys containing B for one type of layers 
and Be for the other type of layers, multilayer ?lms com 
prising repeatedly formed layers of these substances Were 
produced by a sputtering method in the same manner as that 
for the example 1. The number of the pairs of the 
B-containing Ru—Rh layers and Be layers Was controlled to 
be 40 and the cycle length Was controlled to be 6 nm. The 
multilayer ?lms Were produced While the ratio of the thick 
ness of a B-containing Ru—Rh layer to the cycle length 
being controlled to be 25% and the composition of Ru and 
Rh to be 50%. 
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The correlation of the re?ectance of thus produced mul 
tilayer ?lms With the Wavelength Was measured in the same 
manner as that for the example 1 and it Was found that the 
multilayer ?lms having the composition ratio of B in the 
B-containing Ru—Rh alloys Within 1 to 20% shoWed a high 
re?ectance, Which exceeds 55%, at the direct incident angle 
of 3° and peak Wavelength near 113 A. Further, in the case 
those multilayer ?lms Were heated at 400° C. f or 1 hour in 
vacuum of 10'5 torr and then the re?ectance measurement 
Was carried out in the same manner as that before heating, 
the decrease of re?ectance Was 7 to 20% to shoW excellent 
heat resistance as compared With that of a Mo/Be multilayer 
?lm. 

EXAMPLE 14 

Using Rh—Ru alloys containing O for one type of layers 
and Be for the other type of layers, multilayer ?lms com 
prising repeatedly formed layers of these substances Were 
produced by a sputtering method in the same manner as that 
for the example 1. The number of the pairs of the 
O-containing Ru—Rh layers and Be layers Was controlled to 
be 40 and the cycle length Was controlled to be 6 nm. The 
multilayer ?lms Were produced While the ratio of the thick 
ness of an O-containing Ru—Rh layer to the cycle length 
being controlled to be 25% and the composition of Ru and 
Rh to be 50%. 

The correlation of the re?ectance of thus produced mul 
tilayer ?lms With the Wavelength Was measured in the same 
manner as that for the example 1 and it Was found that the 
multilayer ?lms having the composition ratio of O in the 
O-containing Ru—Rh alloys Within 2 to 20% shoWed a high 
re?ectance, Which exceeds 55%, at the direct incident angle 
of 3° and peak Wavelength near 113 Further, in the case 
those multilayer ?lms Were heated at 40° C. for 1 hour in 
vacuum of 10-5 torr and then the re?ectance measurement 
Was carried out in the same manner as that before heating, 
the decrease of re?ectance Was 6 to 17% to shoW excellent 
heat resistance as compared With that of a Mo/Be multilayer 
?lm. 

EXAMPLE 15 

Using Rh—Ru alloys containing N for one type of layers 
and Be for the other type of layers, multilayer ?lms com 
prising repeatedly formed layers of these substances Were 
produced by a sputtering method in the same manner as that 
for the example 1. The number of the pairs of the 
N-containing Ru—Rh layers and Be layers Was controlled to 
be 40 and the cycle length Was controlled to be 6 nm. The 
multilayer ?lms Were produced While the ratio of the thick 
ness of a N-containing Ru—Rh layer to the cycle length 
being controlled to be 25% and the composition of Ru and 
Rh to be 50%. 

The correlation of the re?ectance of thus produced mul 
tilayer ?lms With the Wavelength Was measured in the same 
manner as that for the example 1 and it Was found that the 
multilayer ?lms having the composition ratio of N to 
Ru—Rh in the N-containing Ru—Rh alloys Within 2 to 20% 
shoWed a high re?ectance, Which exceeds 55%, at the direct 

incident angle of 3° and peak Wavelength near 113 Further, in the case those multilayer ?lms Were heated at 

400° C. for 1 hour in vacuum of 10-5 torr and then the 
re?ectance measurement Was carried out in the same manner 
as that before heating, the decrease of re?ectance Was 6 to 
16% to shoW excellent heat resistance. 

EXAMPLE 16 

Using Mo containing C for one type of layers and Be for 
the other type of layers, multilayer ?lms comprising repeat 
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12 
edly formed layers of these substances Were produced by a 
sputtering method in the same manner as that for the 
example 1. The number of the pairs of the C-containing Mo 
layers and Be layers Was controlled to be 40 and the cycle 
length Was controlled to be 6 nm. The multilayer ?lms Were 
produced While the ratio of the thickness of a C-containing 
Mo layer to the cycle length being controlled to be 40%. 
The correlation of the re?ectance of thus produced mul 

tilayer ?lms With the Wavelength Was measured in the same 
manner as that for the example 1 and it Was found that the 
multilayer ?lms having the composition ratio of C in the 
C-containing Mo Within 2 to 20% shoWed a high re?ectance, 
Which exceeds 55%, at the direct incident angle of 3° and 
peak Wavelength near 113 A. Further, in the case those 
multilayer ?lms Were heated at 400° C. for 1 hour in vacuum 
of 10-5 torr and then the re?ectance measurement Was 
carried out in the same manner as that before heating, the 
decrease of re?ectance Was 1 to 9% to shoW excellent heat 
resistance. 

EXAMPLE 17 

Using Rh—Ru alloys for one type of layers and Be to 
Which Ca, Co, Fe, Mo, Nb, Ti, V and W Were independently 
added for the other type of layers, multilayer ?lms compris 
ing repeatedly formed layers of these substances Were 
produced by a sputtering method in the same manner as that 
for the example 1. The number of the pairs of the Ru—Rh 
alloy layers and Be layers Was controlled to be 40 and the 
cycle length Was controlled to be 6 nm. The multilayer ?lms 
Were produced While the ratio of the thickness of a Ru—Rh 
layer to the cycle length being controlled to be 25% and the 
composition of Ru and Rh to be 50%. 
The correlation of the re?ectance of thus produced mul 

tilayer ?lms With the Wavelength Was measured in the same 
manner as that for the example 1 and it Was found that the 
multilayer ?lms having the composition ratio of each addi 
tive in the Be layers containing independently one of Ca, Co, 
Fe, Mo, Nb, Ti, V and W Within 1 to 33% shoWed a high 
re?ectance, Which exceeds 50%, at the direct incident angle 
of 3° and peak Wavelength near 113 Further, in the case 
those multilayer ?lms Were heated at 400° C. for 1 hour in 
vacuum of 10'5 torr and then the re?ectance measurement 
Was carried out in the same manner as that before heating, 
the decrease of re?ectance Was 7 to 18% to shoW excellent 
heat resistance. 

EXAMPLE 18 

In the same manner as that for the example 1, using Ru for 
one type of layers and B6Be for the other type of layers, 
multilayer ?lms comprising repeatedly formed layers in 40 
pairs of Ru layers and B6Be layers and having the cycle 
length Within 3.9 to 7 nm at every 2 A Were produced. 
The ratio of the thickness of layers Was controlled to be 

1:1. The correlation of the re?ectance of thus produced 
multilayer ?lms to the Wavelength Was measured in the same 
manner as that for the example 1 and it Was found that a 
multilayer ?lm type re?ecting mirror comprising a multi 
layer ?lm constituted of those layers in combination had a 
re?ectance as high as 25 % even to radiation about 78 Apeak 
Wavelength corresponding to the cycle length at direct 
incident angle 3°, Which Was extremely high re?ectance in 
such a Wavelength region, further the re?ectance Was 35% 
to 100 A Wavelength, 57% to 114 AWavelength, and at least 
45% to radiation With Wavelength in a range from 78 A, the 
Wavelength longer than the foregoing value, to 140 

EXAMPLE 19 

In the same manner as that for the example 1, using Ru for 
one type of layers and B for the other type of layers, 
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multilayer ?lms having a repeated structure of these tWo 
layers Were produced by the sputtering method. The multi 
layer ?lms Were produced While the number of the pairs of 
Ru layers and B layers being controlled to be 60 and the 
cycle length to be 5.1 nm or 5.5 nm. 

The ratio of the Ru thickness to the sum thickness of a 
single Ru layer and a single B layer Was changed in a range 
of 10 to 90% and the correlation of the re?ectance of the 
multilayer ?lms With the Wavelength Was measured using a 
soft x-ray re?ectance meter in the same manner as that for 
the example 1. In the case of 5.1 nm cycle length, the 
re?ectance reached the maximum, Which Was 52%, to the 
soft x-ray Wavelength of 100 A When the thickness of a Ru 
layer Was 45% to the cycle length. The re?ectance Was 
relatively high, 35% or higher, in the case the thickness of 
a Ru layer to the cycle length Was in a range 30 to 60% to 
the cycle length and Was 45% or higher, Which Was 
extremely high to the Wavelength, in the case the thickness 
of a Ru layer to the cycle length Was in a range 40 to 50%. 
On the other hand, in the case of 5.5 nm cycle length, the 
re?ectance reached the maximum, Which Was 58%, to the 
soft x-ray Wavelength of 108 A When the thickness of a Ru 
layer Was 45% to the cycle length. The re?ectance Was 
relatively high, 40% or higher, in the case the thickness of 
a Ru layer to the cycle length Was in a range 30 to 60% to 
the cycle length and Was 50% or higher, Which Was 
extremely high to the Wavelength, in the case the thickness 
of a Ru layer to the cycle length Was in a range 40 to 50%. 

EXAMPLE 20 

In the same manner as that for the example 18, using Ru 
containing 5 at. % of N for one type of layers and B 
containing 5 at. % of N for the other type of layers, 
multilayer ?lms having a repeated structure of these tWo 
layers Were produced by the sputtering method. The multi 
layer ?lms comprising 60 pairs of Ru—N layers and B—N 
layers Were produced While the cycle length being controlled 
to be 5.1 nm or 5.5 nm. 

The ratio of the Ru—N thickness to the sum thickness of 
a single Ru—N layer and a single B—N layer Was changed 
Within a range of 10 to 90% and the correlation of the 
re?ectance of the multilayer ?lms With the Wavelength Was 
measured using a soft x-ray re?ectance meter in the same 
manner as that for the example 1. In the case of 5.1 nm cycle 
length, the re?ectance reached the maximum, Which Was 
51%, to the soft x-ray Wavelength of 100 A When the 
thickness of a Ru—N layer Was 45% to the cycle length just 
the same as that in the case of the example 18. The 
re?ectance Was relatively high, about 35% or higher, in the 
case the thickness of a Ru—N layer to the cycle length Was 
in a range 30 to 60% to the cycle length and Was about 45% 
or higher, Which Was extremely high to the Wavelength, in 
the case the thickness of a Ru—N layer to the cycle length 
Was in a range 40 to 50%. On the other hand, in the case of 
5 .5 nm cycle length, the re?ectance reached the maximum, 
Which Was 56%, to the soft x-ray Wavelength of 108 A When 
the thickness of a Ru—N layer Was 45% to the cycle length. 
The re?ectance Was relatively high, about 40% or higher, in 
the case the thickness of a Ru—N layer to the cycle length 
Was in a range 30 to 60% to the cycle length and Was about 
50% or higher, Which Was extremely high to the Wavelength, 
in the case the thickness of a Ru—N layer to the cycle length 
Was in a range 40 to 50%. 

EXAMPLE 21 

X-ray re?ecting mirrors With an ellipsoid of revolution (in 
the present invention), Which has multilayer ?lms or Mo/Si 
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14 
multilayer ?lms of the example 1 to the example 20 pro 
duced by the same manner as that of the example 1 Were so 
arranged as to surround a cryotarget laser plasma x-ray point 
source (point-like x-ray generation part) 32, serving as a 
point-like x-ray generation part, at about several to several 
ten centimeter to the light source just as illustrated in FIGS. 
3C and 3D to obtain high light concentration ef?ciency 
(about 3 steradian of solid angle) to the x-rays emitted out 
of the point source and simultaneously high re?ectance 
(50% or higher). 

In this case, the cryotarget laser plasma x-ray point source 
used a rare gas element, as a target material generating the 
x-ray, in a liquid or solid state at a loW temperature or in a 
loW temperature gas state at vapor density near the liquid 
density. 

Since the x-ray generation efficiency of x-rays With 
re?ected Wavelength Width of the foregoing multilayer ?lm 
type re?ecting mirrors by plasma Was veri?ed to have 1% 
per 1 steradian solid angle by using a pulsed laser With 500 
pulses or more repeated at every several seconds, 0.5 J or 
higher pulse energy and about 10'8 second pulse Width, a 
laser plasma x-ray generation apparatus capable of taking 
out the x-rays With uniform spectra With 3.8 W or higher 
average intensity as a) a parallel beam and b) a converged 
beam could be constituted. 

FIGS. 3C, 3D, and 3E illustrate an example of the 
arrangement of an ellipsoid of revolution (in the example 
only the upper half portion is illustrated and the loWer half 
portion is omitted) for condensing more x-rays Which are 
emitted from the laser plasma x-ray point source by the 
foregoing x-ray optical system. Assuming that 0 is an angle 
from a normal (vertical line) to the laser target surface, the 
angular distribution of x-ray emission intensities is almost 
determined depending on the ratio of the concentrated light 
diameter of the pulse laser, i.e., the diameter of plasma to be 
generated, to the scale length of plasma expanding by 
heating. For example, When the concentrated light diameter 
is about 100 pm, if the pulse duration of the laser is about 
10 nsec, the angular distribution is isotropic; and if the pulse 
Width is 1 nsec or shorter, the angular distribution is approxi 
mately proportional to cos 0. Therefore, the re?ecting mirror 
has a shape to ensure a re?ecting surface With respect to the 
normal, and the aperture is arranged in a part of the re?ecting 
surface for only the incidence of a laser ray. 

FIGS. 3A and 3B are illustrated as the references to shoW 
the characteristic features of the present invention, in Which 
FIG. 3A illustrates a ring-shaped paraboloid of revolution, 
and FIG. 3B illustrates a ring-shaped ellipsoid of revolution. 
In FIGS. 3A and 3B, 31 shoWs the incidence laser ray Which 
is incident from an axial direction of the ring-shaped parabo 
loid of revolution or ring-shaped ellipsoid of revolution, 32 
shoWs the target, 33 shoWs the emitted x-ray obtained by 
heating the target 32 by the incidence laser ray 31, and 34 is 
a re?ecting mirror Which generates, from x-rays emitted 
from near the surface of the target 32, parallel rays or 
converged rays obtained by converging the x-rays on or near 
a focal point. 

FIGS. 3C, 3D, and 3E illustrate a basic constitution of a 
laser plasma x-ray generation apparatus using a multilayer 
?lm type x-ray re?ecting mirror according to the present 
invention. In FIGS. 3C, 3D, and 3E, the same reference 
numerals as in FIGS. 3A and 3B denote the same parts. In 
FIGS. 3C and 3D, the re?ecting mirror 34 has the structure 
obtained by cutting an ellipsoid With tWo focal points along 
the major axis, and the surface of the target 32 placed on one 
of the tWo focal points is heated by an incidence laser ray to 
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generate point-like laser plasma x-rays on that focal point. 
The incident laser ray 31 is incident from a direction outside 
a range of 30° from the normal to the x-ray emitting surface 
of the target 32 Which is placed almost parallel to the major 
axis of the ellipsoidal surface of the ellipsoid. The soft x-rays 
emitted from the x-ray emitting surface of the target 32 by 
the incidence laser ray 31 are bombarded against the mul 
tilayer ?lm type re?ecting mirror 34 positioned on the inner 
surface of the ellipsoid and are re?ected by the multilayer 
?lm type re?ecting mirror 34. The re?ected x-rays 33 
converge on or near the other focal point of the ellipsoidal 
surface. The light concentration ef?ciency de?ned as an 
amount obtained by dividing the light amount of the con 
verged re?ected x-rays 33 by the amount of all x-rays 
emitted from the target depends on the form of the angular 
distribution for emission of the x-rays from the x-ray emit 
ting surface of the target, and can be adjusted by changing 
the angle of the x-ray emitting surface With respect to the 
major axis of the ellipsoid. 

Note that 34a is an aperture formed in the re?ecting 
mirror 34 as shoWn in FIG. 3C, and through the aperture 
34a, the incidence laser ray 31-1 is received from the 
outside. FIG. 3D illustrates a cross-sectional vieW taken 
along a surface Which is perpendicular to the major axis 
(rotation symmetry axis) in FIG. 3C and includes the point 
like x-ray source. 34b is an aperture formed in the re?ecting 
mirror 34 as shoWn in FIG. 3D, and through the aperture 
34b, the incidence laser ray 31-2 is received from the 
outside. The incidence laser 31-2 is shoWn as another 
example of 31-1, these incidence laser rays do not have the 
incidence direction of 6<30° to the normal of the target 
surface, and the soft x-rays emitted from the target are 
emitted to 6<300 relatively intensively. Obviously, a ray 
source to Which the present invention is applied is not 
limited to a soft x-ray and may be an x-ray. A laser ray is 
used in this example, but the present invention is not 
obviously limited to this as far as light is an energy beam. 

In the foregoing example, the structure obtained by cut 
ting the ellipsoid along the major axis, i.e., an x-ray radiation 
part using the x-ray optical system Which has 0.1 or more 
steradian condensing solid angle around an x-ray generation 
part With a target surface, and has a partial surface, as the 
x-ray re?ecting mirror, of an ellipsoid of revolution 
(ellipsoidal surface) obtained by rotating an ellipse about its 
major axis as a rotation axis passing through the x-ray 
generation part by only a rotation angle of less than 180 
degrees is used. HoWever, the present invention may use a 
structure (e.g., the structure in FIG. 3F) in Which a parabo 
loid of revolution serving as a source making in?nity one 
focal point, of tWo focal points of an ellipse, at Which the 
re?ected x-rays converge, i.e., a source making the re?ected 
x-rays parallel or almost parallel is de?ned as the x-ray 
re?ecting mirror. This paraboloid of revolution With the 
foregoing structure has an x-ray optical system having a 
partial surface, as an x-ray re?ecting mirror, of the parabo 
loid of revolution obtained by rotating the paraboloid of 
revolution about its major axis as a rotation axis by only a 
rotation angle of less than 180 degrees. 

Further, When a Mo/Si multilayer ?lm is used, 2 to 20% 
of C are added to either of the layers, so that the re?ecting 
mirror With excellent heat resistance can be obtained accord 
ing to the ?nding of the present inventors. 
As is understood from the embodiment shoWn in FIGS. 

3C to 3F, the portion of the re?ecting mirror of the x-ray 
radiation part in the second focal direction is cut to have a 
shape so as to introduce the re?ected x-rays to the outside. 
HoWever, the x-ray radiation part may have any shape if 
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re?ected x-rays are guided outside, as in the case Wherein 
the aperture for introducing the incidence ray to the inside is 
formed in the re?ecting mirror. An aperture may be formed 
to guide the x-rays outside. 
As described above, the multilayer ?lms of the present 

invention could improve the direct incidence re?ectance by 
using materials With optical constants suitable for giving oa 
high re?ectance to Wavelength Within a range from 69.5 A 
to 124 A, selecting the structure, and smoothing the inter 
faces. Further, the heat resistance of the multilayer ?lm Was 
improved by using compounds or mixtures having optical 
constants suitable for heightening the re?ectance and giving 
excellent heat resistance. Consequently, as compared With a 
conventionally invented Mo/Be multilayer ?lm type re?ect 
ing mirror, the multilayer ?lm type mirrors of the present 
invention had heightened direct incidence re?ectance or 
improved heat resistance or improved values of both. In the 
case a multilayer ?lm With heightened re?ectance is used (1) 
for various analysis methods using x-rays and soft x-rays, 
the sensitivity and the precision can be improved and in the 
case of use (2) for x-ray lithography, the throughput can be 
improved more than that of a multilayer ?lm comprising M0 
for one type of layers. 

Moreover, in the case a multilayer ?lm type x-ray re?ect 
ing mirror With heightened re?ectance is used (1) for various 
analysis methods using x-rays and soft x-rays, the sensitivity 
and the precision can be improved since the alteration of the 
re?ectance during the use is suppressed as compared With 
that of a conventional multilayer ?lm type re?ecting mirror 
oWing to the more improved heat resistance than that of the 
conventional re?ecting mirror and in the case of use (2) for 
x-ray lithography, the proper exposure time can precisely be 
determined for the same reason as the reason of (1) and 
further the life of the multilayer ?lm type re?ecting mirror 
itself can be prolonged. 

In this description, materials and structures suitable for 
near 114 A Wavelength Were exempli?ed, and no need to 
say, the re?ection peak Wavelength can be changed by 
changing the cycles according to the Bragg approximation. 
Also, that a high re?ectance in a range from approximately 
the absorption edge (69.5 of B to approximately the 
absorption edge (123 to 125 of Si or to the longer 
Wavelength could be obtained in the case of combination of 
a compound B and Be With a metal Was exempli?ed by 
combining Mo With the compounds of B and Be such as 
B6Be and that Was only one example, and it is also needless 
to say that the same effect can be obtained by using any one 
of Ru, Rh and M0, or using their alloys, or using substances 
containing any one of these metals together With additives of 
other elements, or using alloys containing tWo or more of 
these metals together With additives of other elements, or 
further by using compounds or mixtures of B and Be such 
as BBe instead of BGBe. Especially, When the Mo/Si mul 
tilayer ?lms or the Mo-/Si-based multilayer ?lms With 
improved heat resistance are used as the materials of the 
multilayer ?lms, the same effect can be obtained in the long 

Wavelength region over the absorption edge (123 to 125 of Si or longer. 

By installing or combining x-ray optical system compris 
ing an x-ray re?ecting mirror or a plurality of x-ray re?ect 
ing mirrors having the foregoing multilayer ?lms in the 
periphery of a cryotarget laser plasma x-ray point source, a 
constituted x-ray generation apparatus can be a compact and 
practical apparatus capable of generating the x-ray parallel 
beam, or converged beam, or condensed beam With uniform 
spectra and high average intensity. OWing to actualiZation of 
such an x-ray generating apparatus, applied appliances for 
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X-ray reduction projection exposure and an X-ray beam 
processing apparatus can be made available for practical use. 
What is claimed is: 
1. An X-ray generation apparatus comprising 
an X-ray re?ecting mirror formed on an inner surface of a 

concave aspheric surface, and 
an X-ray generation part for receiving at least one incident 

energy beam, 
Wherein said X-ray generation part is arranged near a focal 

point including a focal point of a paraboloid, and 
said X-ray re?ecting mirror has at least one aperture 

formed in a position eXcept for a part of the concave 
aspheric surface crossing an aXis including the focal 
point of the concave aspheric surface, and an incident 
energy beam irradiates said X-ray generation part 
through the aperture. 

2. An X-ray generation apparatus as set forth in claim 1, 
Wherein 

the energy beam is a laser ray. 
3. An X-ray generation apparatus as set forth in claim 1, 

Wherein 
said X-ray generation part has a target surface Which forms 

an angle of not more than 45° degrees With respect to 
the aXis. 

4. An X-ray generation apparatus as set forth in claim 3, 
Wherein 

the incident energy beam is guided With respect to the 
target surface through the aperture in a direction out 
side a range of 30 degrees With respect to a normal to 
the target surface. 

5. An X-ray generation apparatus as set forth in claim 1, 
Wherein 

the aspheric surface of said X-ray re?ecting mirror has a 
structure in Which at least tWo kinds of a plurality of 
layers are layered in a plurality of times, and 

said X-ray re?ecting mirror uses layers containing at least 
one of Rh, Ru and Mo and layers containing at least one 
of Si, B, Be, and Be compounds as constituent mate 
rials. 

6. An X-ray generation apparatus as set forth in claim 5, 
Wherein 

the constituent materials of said X-ray re?ecting mirror are 
materials for soft X-rays With a Wavelength range from 
69.5 A to 140 A. 

7. An X-ray generation apparatus as set forth in claim 1, 
Wherein 

said X-ray generation part uses, as a target material for 
generating X-rays, a cryotarget in Which a rare gas is 
kept at a loW temperature. 

8. An X-ray generation apparatus as set forth in claim 7, 
Wherein 

the rare gas is in a liquid state. 
9. An X-ray generation apparatus as set forth in claim 7, 

Wherein 
the rare gas is in a solid state. 
10. An X-ray generation apparatus as set forth in claim 7, 

Wherein 
the rare gas is in a loW temperature gas state having vapor 

density close to liquid density. 
11. An X-ray generation apparatus as set forth in claim 1, 

Wherein 
said X-ray re?ecting mirror uses as an X-ray radiation part 

an X-ray optical system comprising re?ecting curvature 
mirrors having 0.1 or higher steradian condensing solid 
angle around said X-ray generation part. 
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12. An X-ray generation apparatus as set forth in claim 5, 

Wherein 

the aspheric surface of said X-ray re?ecting mirror is a 
multilayer ?lm comprising one layer of Mo and another 
layer of one component selected from the group con 
sisting of Si, B, Be, and Be compounds, and a thickness 
of the Mo layer falls Within a range from 30% to 60% 
a repeated cycle length of the multilayer ?lm. 

13. An X-ray generation apparatus as set forth in claim 12, 
Wherein 

one of the B, Be, and Be compounds in another layer is 
selected from the group consisting of BBe, B2Be, and 
B6Be. 

14. An X-ray generation apparatus as set forth in claim 12, 
Wherein 

a thickness of Si, B, Be, and Be compounds is 30% to 
80% the cycle of the structure repeated in a plurality of 
times. 

15. An X-ray generation apparatus as set forth in claim 5, 
Wherein 

2 to 20 at. % of C, B, N, or O are added to at least one 
layer of the plurality of layers. 

16. An X-ray generation apparatus as set forth in claim 5, 
Wherein 

the Be compound contains at least one of Ca, Co, Fe, Mo, 
Nb, Ti, V and W. 

17. An X-ray generation apparatus as set forth in claim 5, 
Wherein 

the layers containing at least one of Rh and Ru are alloy 
layers of either Mo alloyed With Rh or Mo allayed With 
Ru each having the composition ratio of Rh or Ru to 
Mo Within a range from 30% to 70% and the thickness 
of each alloy layer Within a range from 30% to 70% a 
cycle of the repeated layers. 

18. An X-ray generation apparatus as set forth in claim 5, 
Wherein 

the layers containing at least one of Rh and Ru are alloy 
layers of Rh and Ru having the composition ratio of Rh 
to Ru Within a range from 30% to 70%, and a thickness 
of each allay layer Within a range from 10% to 60% a 
cycle of the repeated layers. 

19. An X-ray generation apparatus as set forth in claim 5, 
Wherein 

the aspheric surface of said X-ray re?ecting minor is a 
multilayer ?lm comprising one layer of Mo and another 
layer of one of B, Be and Be compounds, and a 
thickness of the Mo layer falls Within a range from 30% 
to 60% a repeated cycle length of the multilayer ?lm. 

20. An X-ray generation apparatus as set forth in claim 5, 
Wherein 

the layers containing at least one of Rh and Ru are layers 
of Ru, and a thickness of the Ru layers falls Within a 
range from 30% to 70% to a cycle. 

21. An X-ray generation apparatus as set forth in claim 5, 
Wherein 

the layers containing at least one of Rh and Ru are layers 
of Rh, and a thickness of the Rh layers falls Within a 
range from 30% to 70% to a cycle. 

22. An X-ray generation apparatus as set forth in claim 1, 
Wherein 

the aspheric surface is elliptical and has an X-ray radiation 
part for taking out an X-ray from said X-ray generation 
part With a target surface to the outside, said X-ray 
radiation part having 0.1 steradian condensing solid 
angle around said X-ray generation part, and including 
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an X-ray optical system in Which a partial surface of an 
ellipsoid of revolution obtained by rotating an ellipse 
about a major aXis thereof as a rotation aXis passing 
through said X-ray generation part by a rotation angle of 
less than 180 degrees is de?ned as said X-ray re?ecting 
mirror, 

said X-ray generation part is located near a focal point 
including one of focal points of the ellipsoid of 
revolution, 

a normal of the target surface includes the rotation aXis 
and is included on a plane located at a position corre 
sponding to a half of the rotation angle, 

said X-ray re?ecting mirror has a multilayered structure in 
Which at least tWo kinds of a plurality of layers are 
stacked in a plurality of times, and 

constituent materials of said X-ray re?ecting mirror 
include a layer containing at least one of Rh, Ru, and 
Mo and a layer containing at least one of Si, B, Be, and 
Be compounds. 

23. An X-ray generation apparatus as set forth in claim 1, 
Wherein 

the aspheric surface comprises a paraboloid, and 
said apparatus further comprises an X-ray radiation part 

for taking out an X-ray from said X-ray generation part 
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With a target surface to the outside, said X-ray radiation 
part having 0.1 steradian condensing solid angle around 
said X-ray generation part and including an X-ray opti 
cal system in Which a partial surface of a paraboloid of 
revolution obtained by rotating the paraboloid of revo 
lution about a major aXis thereof as a rotation aXis 
passing through said X-ray generation part by a rotation 
angle of less than 180 degrees is de?ned as said X-ray 
re?ecting mirror, 

Wherein said X-ray generation part is located near a focal 
point including one of focal points of the paraboloid of 
revolution, 

a normal of the target surface includes the rotation aXis 
and is included on a plane located at a position corre 
sponding to a half of the rotation angle, 

said X-ray re?ecting mirror has a multilayered structure in 
Which at least tWo kinds of a plurality of layers are 
stacked in a plurality of times, and 

constituent materials of said X-ray re?ecting mirror 
include a layer containing at least one of Rh, Ru, and 
Mo and a layer containing at least one of Si, B, Be, and 
Be compounds. 


